Materials and Methods
Chemicals. Pyridoxine hydrochloride (PN・HCl) was provided by Daiichi Fine Chemical Co., Ltd. (Toyama, Japan). Dextrin (TK-16) was purchased from Matsutani Chemical Industry Co., Ltd. (Hyogo, Japan). Soluble starch, corn steep liquor, Polypepton, and a glucose assay kit (Glucose B-Test Wako) were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Yeast extract was from Oriental Yeast Co., Ltd. (Tokyo, Japan), meat extract was from Kyokuto Seiyaku Kogyo Co., Ltd. (Tokyo). Sanrich F (‰our of de-fatted soybeans) was from Showa Sangyo, Co., Ltd. (Tokyo), Esusan meat (‰our of de-fatted soybeans) was purchased from Ajinomoto Co., Inc. (Tokyo), and casamino acids was obtained from Difco Laboratories (Detroit, MI). a-Glucosidase (from Saccharomyces cerevisiae) was purchased from Roche Diagnostics (Mannheim, Germany). All other chemicals used were from commercial sources and of analytical grade.
Microorganisms and medium. Verticillium dahliae TPU 4900 was from a collection in our laboratory (Toyama Prefectural University; TPU). Medium I, which was used for the previous screening, 5) contained 2.0z dextrin, 2.0z sucrose, 1.0z Polypepton, 0.05z yeast extract, 0.5z K2HPO4, 0.1z KH2PO4, 0.02z FeSO4 ・7H 2 O, 0.02z MgSO4 ・ 7H2O, 0.01z MnSO4 ・5H 2 O, and 0.1z PN・HCl in tap water at pH 7.0. Medium II contained 4z soluble starch, 1z Esusan meat, 0.1z KH2PO4, 0.05z KCl, 0.05z MgSO4 ・7H 2 O, 0.001z FeSO4 ・7H 2 O, and 0.1z PN・HCl in tap water at pH 7.0. In the selection of a carbon source for the optimized medium, 4z soluble starch and 1z Esusan meat of medium II were replaced by 4z tested carbon source and 0.3z NaNO3, respectively, and pH was changed from 7.0 to 6.0. In the selection of nitrogen source of the optimized medium, 1z Esusan meat of medium II were replaced by 0.3z tested nitrogen source.
Analysis of PN-a-G. The analysis of PN, PN-5?-a-G, and PN-4?-a-G was done as described previously. 5 ) PN 5?-position-selectivity (as a percent) was dened as, [(amount of PN-5?-a-G) W (total amounts of PN-5?-a-G plus PN-4?-a-G)]×100.
Assay of PN-5?-a-G-forming activity. PN-5?-a-Gforming activity of the culture broth was assayed at 409 C for 8 h in the dark with shaking in an assay mixture consisting of 100 mM potassium phosphate buŠer (pH 6.5), containing 24.6 mg (0.12 mmol) of PN・HCl, 24 mg of dextrin, 24 mg of sucrose, and 1.0 mL of culture broth in a total volume of 1.2 mL. Assay of the activity of the harvested cells was done in the same way, except that sucrose was omitted, the reaction pH was changed to 7.0, and the reaction time was changed to 2 h. One unit (U) of PN-5?-a-Gforming activity was deˆned as the amount that produced 1 mmol of PN-5?-a-G per minute under the standard assay conditions. Synthesis of PN-5?-a-G by intact cells. V. dahliae TPU 4900 was cultured on 150 mL of medium II in a 500-mL ‰ask on a rotary shaker (200 rpm) at 209 C for 7 d. The cells were harvested by centrifugation (10600×g for 20 min) and washed with distilled water. The reaction mixture for PN-5?-a-G synthesis contained 49.2 g (240 mmol) of PN・HCl and 8.0 g of dextrin, and the cells harvested from 800 mL of culture broth (15.5 g, dry weight) were placed in a total volume of 400 mL in a 500-mL ‰ask. The reactions were done at pH 6.7-7.3 (adjusted by NaOH occasionally) and 559 C for 50 h in the dark with stirring. Eight grams of dextrin was added 6 times, at 2, 4, 6, 20, 25, and 30 h.
FAB-MS and 1 H-NMR.
A spectrum of FAB-MS was obtained on a JMS-700 spectrometer (JEOL Ltd., Tokyo). A spectrum by 1 H-NMR was recorded at 300 MHz with a JNM-AL300 apparatus (JEOL) in dimethyl sulfoxide-d6.
Glucosidase treatment. In a study of the structures of the glucosides formed, 1 mL of a solution containing 5 mmol of the puriˆed glucoside was treated with 1 U of a-glucosidase at pH 6.5 and 379 C for 5 h. One unit of a-glucosidase was deˆned as the amount that produced 1 mmol of p-nitrophenol from 4-nitrophenyl-a-D-glucopyranoside per minute at pH 6.8 and 259 C. After hydrolysis, PN, PN-5?-a-G, and PN-4?-a-G were examined by HPLC as described previously. 5) The released glucose was measured by a method that used glucose oxidase and peroxidase. 6) 
Results
Composition of medium First, we examined the eŠects of carbon and nitrogen sources on the production of PN-5?-a-G. Soluble starch used instead of sucrose increased the formation of PN-5?-a-G, but maltose (a suitable carbon source to culture Micrococcus sp. strain No. 431, which formed PN-a-G 7) ) increased the activity less (Table 1 ). D-Glucose increased cell growth, but had almost no eŠect on PN-5?-a-G formation. The ammonium salts (NH4)2SO4 and NH4Cl were better nitrogen sources for the activity than NaNO3. In particular, organic nitrogens (yeast extract, meat extract, Esusan meat, and casamino acids) resulted in much PN-5?-a-G formation. The 5?-position selectivity remained unaltered at the high values of 91-93z even with use of these carbon and nitrogen sources. We selected soluble starch and Esusan meat as the carbon and nitrogen sources, respectively, because they are inexpensive and increase the activity of PN-5?-a-G formation without lowering the 5?-position selectivity.
The activity in the culture broth was maximum with between 3 to 4z soluble starch and between 1 to 2z Esusan meat in the tested concentration ranges from 3 to 8z for soluble starch and from 0.3 to 3z for Esusan meat. The activity was maximum in medium II containing 0.1-0.3z PN・HCl in the tested concentration ranges from 0 to 3z. The addition of much PN・HCl (1.0z or above) in the medium decreased both the activity and the yield of the cells. Activity was 80z of maximum in the cells even without PN addition in the medium, so the transglucosylation activity was not caused by PN.
EŠects of pH and temperature of cultivation V. dahliae TPU 4900 was cultured aerobically at various pHs and temperatures with the medium II including 4z soluble starch, 1z Esusan meat and 0.1z PN・HCl. The optimal initial pH of the medium for PN-5?-a-G formation was somewhere from 7 to 8, whereas that for the cell growth was between 5 to 7 ( Fig. 1(A) ). The optimal temperature of cultivation was between 15 and 209 C ( Fig. 1(B) ). There was little PN-5?-a-G-forming activity at 10 and 359 C.
Course of cultivation V. dahliae TPU 4900
When V. dahliae TPU 4900 was cultured aerobically on 150 mL of the optimal medium in a 500-mL ‰ask at 209 C, there was a log of 2 d and then growth for about 6 d (Fig. 2 ). The PN-5?-a-G-forming activity increased as the microorganism grow, and the activity and growth were maximum within 8 d.
Donors of glucosyl groups
Reactions were done with various saccharides and washed cells or the supernatant of the culture broth, with cultivation in the screening medium (medium I) and the optimized medium for PN-5?-a-G formation (medium II). Dextrin, soluble starch, and maltose, which consisted of D-glucosyl groups bound by a-1, 4 linkages were found as suitable donors ( Table 2) .
Nigerose and kojibiose, containing D-glucosyl groups that bound by a-1,3 linkage and a-1,2 linkage, respectively, also were suitable. However, sucrose, ra‹nose, trehalose, cellobiose, isomaltose, lactose, D-glucose, D-fructose, methyl-a-D-glucoside, and V. dahliae TPU 4900 was grown for 9 d at 209 C on 150 mL of medium II adjusted to pH 7.3 initially in a 500-mL ‰ask on a rotary shaker (200 rpm). Symbols: , cell growth (dry cell weight); , activity of cells; #, pH of culture broth.
Table 2. EŠects of Glucosyl Group Donors
V. dahliae TPU 4900 was aerobically cultivated for 9 d at 259 C on 5 mL of medium I or II in a test tube (q16.6×165 mm). Cells were harvested by centrifugation (yield of wet cells on medium I, 75.2 mg W mL; on medium II, 110.4 mg W mL). The supernatant of the culture broth was dialyzed against 10 mM potassium phosphate buŠer (pH 7.0), and then concentrated by ultraˆltration (molecular weight cut-oŠ, 10,000) to one tenth of its original volume. PN-5?-a-G-forming activity was assayed at 409 C for 4 h (for cells) or 8 h (for supernatant) with shaking in an assay mixture consisting of 100 mM potassium phosphate buŠer (pH 7.0), containing 24 mg of a glucosyl group donor, 24.6 mg (0.12 mmol) of PN・HCl, and cells harvested from 1.0 mL of culture broth or supernatant concentrated from 10 mL of culture, in a total volume of 1.2 mL. The deˆnition of PN-5?-a-G-forming activity is given in Materials and Methods. 
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Improvement of Microbial Glucosylation of Pyridoxine phenyl-a-D-glucoside were not used or hardly used. PN-5?-a-G formation was intracellular. When dextrin was the glucosyl group donor, 89z and 95z of total activity in medium I and medium II, respectively, was detected in the cells. A little activity was measured in the supernatant of the culture broth only when saccharides that the cells could use were included.
EŠects of pH and temperature on synthesis of PN-5?-a-G
To investigate the eŠects of pH on the synthesis of PN-5?-a-G, the reaction mixture were incubated at various pHs. The optimum pH for PN-5?-a-G formation was 6.4-7.0, and that for PN-4?-a-G formation was 3.7-4.9 (Fig. 3A) . Therefore the cells formed both PN-5?-a-G and PN-4?-a-G evenly at pH below 4.0, and 5?-position selectivity increased with rising pH until pH 6, and then became constant at 92-96z at pH 6.4 or above ( Fig. 3(B) ).
To examine the eŠects of temperature on PN-5?-a-G formation, the reaction mixture was incubated at various temperatures for 3 h (Fig. 4) . The optimum temperature was about 50-609 C, and a rapid decrease in the reaction rate was not observed for 3 h at 659 C.
EŠects of dextrin concentration on synthesis of PN-5?-a-G Figure 5 shows the changes with time in the synthesis of PN-5?-a-G from 100 mM PN at various dextrin concentrations. Of the concentration tested from 1 to 12z, the initial PN-5?-a-G-formation rate decreased with the increasing concentration of dextrin added. At low dextrin concentration (1 and 2z), the amount of PN-5?-a-G reached the maximum in low molar yield, 17.1z and 29.8z, within 4 h and 22 h, respec-tively, and then PN-5?-a-G was gradually reduced with a rapid decrease in 5?-position selectivity. At high dextrin concentration (6z or above), the yield of PN-5?-a-G reached 47-50z in the end. When dextrin was added intermittently (2z each time), a high rate of transglycosylation in the early stage of the reaction, and a high yield of PN-5?-a-G (48.6z in 33 h) were observed.
EŠects of amount of cells on synthesis of PN-5?-a-G
The increase in the amount of cells in the reaction mixture from 8.6 to 34.2 mg W mL as dry weight resulted in an increase of the transfer ratio (Fig. 6) . The transfer ratio became almost constant and thê nal yield of PN-5?-a-G reached to 40-43z from 600 mM PN with a concentration of cells 34.2 mg W mL or above as dry weight. This weight corresponded to the amount of the cells that was harvested from Harvested cells were used that were cultured aerobically on 150 mL of medium II in a 500-mL ‰ask at 259 C for 7 d. PN-a-G-forming activity was assayed at various pH for 2 h in the dark with shaking at 409 C in a reaction mixture consisting of 100 mM suitable buŠer containing 24.6 mg (0.12 mmol) of PN・HCl, 24 mg of dextrin, and harvested cells (108 mg as wet weight) from 1.0 mL of culture broth, in a total volume of 1.2 mL. Symbols: , Yield of PN-5?-a-G with sodium acetate buŠer; #, potassium phosphate buŠer; , Tris-HCl buŠer; , sodium carbonate buŠer; , Yield of PN-4?-a-G with sodium acetate buŠer; $, potassium phosphate buŠer; , Tris-HCl buŠer; , sodium carbonate buŠer; w, 5?-position selectivity. The harvested cells used were cultured under the same conditions as the legend in Fig. 3. PN-5 ?-a-G-forming activity was assayed at various temperatures for 3 h in the dark with shaking. Symbols: , yield of PN-5?-a-G after 1 h; , 2 h; #, 3 h. a double volume of the culture broth compared with the volume of the reaction mixture. When 17.1 mg W mL the cells was added again to the reaction mixture including 34.2 mg W mL cells at 18 h, the transfer ratio and theˆnal yield of PN-5?-a-G were aŠected little.
EŠects of concentration of PN・HCl on synthesis of PN-5?-a-G
The eŠects of the amount of PN supplied for the synthesis of PN-5?-a-G were measured between 100 mM (20.6 g W L as PN・HCl) and 1000 mM (206 g W L as PN・HCl), because the reaction mixture containing much PN (1200 mM, 247 g W L as PN・HCl) was viscous ( Fig. 7) . The production of PN-5?-a-G increased with the amount of PN supplied, and was highest at 1000 mM PN. At this concentration, yield of PN-5?a-G reached a maximum of 300 mM (98.4 g W L as PN-5?-a-G). The molar conversion was highest as 50.4z from 100 mM PN, and gradually decreased with increases in the PN concentration (29.7z from 1000 mM PN). The 5?-position selectivity was kept between 81z to 87z at all tested concentrations.
Preparative synthesis of PN-5?-a-G with intact cells of V. dahliae
We did a preparative scale (400 mL) reaction to synthesize PN-5?-a-G from 600 mM (123 g W L) PN and 2z dextrin that was fed repeatedly with intact cells of V. dahliae TPU 4900 under the optimal reaction conditions (Fig. 8 ). After incubation for 50 h at 559 C, the concentration of formed PN-5?-a-G reached 248 mM (82.1 g W L as PN-5?-a-G), and furthermore, both the molar conversion from PN and the 5?-position selectivity were kept at a high level (41.3z and 85.0z, respectively). The total amount of by-products except for PN-4?-a-G (other pyridoxine glycosides) was 17.6z of PN-5?-a-G at the end of the reaction.
Isolation of PN-5?-a-G from the reaction mixture
The puriˆcation of PN-5?-a-G from the preparative scale reaction mixture was done by the preparation method for authentic samples in our previous Harvested cells used were cultured under the same conditions in the legend of Fig. 3. PN-5 ?-a-G was synthesized at 559 C with shaking in the dark in a reaction mixture consisting of 100 mM potassium phosphate buŠer (pH 7.0) containing 24.6 mg (0.12 mmol) of PN・ HCl, harvested cells (14.8 mg as dry weight) from 1.0 mL of culture broth and various concentrations of dextrin from 1z to12z in a total volume of 1.2 mL. The concentrations of dextrin were 1z (), 2z (), 6z (#), 9z ($) and 12z (). With feeding of 2z dextrin (), 24 mg of dextrin was added at 4, 12, 33, and 67 h (indicated by an arrow). 
Identiˆcation of PN-5?-a-G
We identiˆed the structure of the reaction product as PN-5?-a-G from FAB-MS and 1 H-NMR spectra. The molecular ion peak of this product was at the Optimal pH for 5?-position selectivity above 6.4 6.6 Not aŠected 5?-Position selectivity at this pH 92-96z 85z Unknown by pH Activity to synthesize PN-5?-a-G at this pH d) 90-100z 55z between 4.0-8.0
Reference
The present paper 11), 12) 10) 13) a) Some properties of a-glucosidase from M. javanicus, glucosyl group donor speciˆcity and optimal temperature, were tested by using ribo‰avin as a glucosyl group acceptor. b) No other glucosyl donor except for dextrin was tested. c) UDPG: Uridine 5?-diphosphate-D-glucose. d) The activity at the optimal pH for 5?-position selectivity was compared with that at the optimal pH for synthesis of PN-5?-a-G. To measure the ratio of PN and glucose in this product, it was treated with a-glucosidase from Saccharomyces cerevisiae at 379 C. It took more than 5 h to hydrolyze 5 mM PN-5?-a-G completely with 1 U W mL a-glucosidase, and the reaction mixture was then analyzed by HPLC for released PN and by a assay with oxidase and peroxidase to measure released glucose. After hydrolysis with a-glucosidase, PN-5?-a-G (5 mM, by weight of powder) yielded PN (4.75 mM) as an aglycon and the corresponding amount of glucose (4.42 mM), so the molar rate of PN to glucose was 1.07.
Discussion
Although the enzyme that catalyzes the synthesis of PN-5?-a-G has not been separated or puriˆed from V. dahliae TPU 4900 yet, we can guess some of the properties of the enzyme from the optimal conditions of the intact cell reaction in comparison with other puriˆed enzymes from Micrococcus sp. strain No. 431, 7, 9, 10) Mucor javanicus 11, 12) and Bacillus stearothermophilus 13) that catalyze tansglucosylation a) Amount of cells harvested from this volume of culture broth (L) was required for 1.0 L of the reaction mixture. Harvested cells were used that were aerobically cultured in a 500-mL ‰ask containing 150 mL of medium II for 11 d (for the initial conditions (Table 3 ). The transglucosylation activity to PN of V. dahliae has some properties similar to those of a fungal a-glucosidase from M. javanicus in the use of a glucosyl group donor and the eŠect of temperature. The optimal temperatures of transglucosylation by the cells of V. dahliae, a-glucosidase from M. javanicus, and cyclomaltodextrin glucanotransferase (CGTase) from B. stearothermophilus were 50-609 C, which is high enough to prepare a reaction mixture with a high concentration of substrate (PN and dextrin).
The eŠects of pH on the transglucosylation activity and the 5?-position selectivity of V. dahliae TPU 4900 diŠered from other enzymes. As shown in Fig. 4 , the optimal pH for the synthesis of PN-5?-a-G (6.4-7.0) was compatible with the optimal pH for 5?position selectivity (6.4 or above) in transglucosylation to PN by V. dahliae TPU 4900. On the other hand, at the optimal pH for 5?-position selectivity (85z at pH 6.6) of a-glucosidase from M. javanicus, only 55z of PN-5?-a-G was obtained compared with the maximum yield at pH 6.0 ( Table 3) . It is necessary to purify the enzyme that catalyzes the synthesis of PN-5?-a-G from V. dahliae and to study not only the transglucosylation activity but also the hydrolysis activity to discuss the properties of PN-5?-a-G-forming enzymes in detail.
The improvement of culture conditions for the activity to synthesize PN-5?-a-G is summarized in Table 4 . In the culture conditions for screening, we observed that the activity of cells to synthesize PN-5?-a-G of V. dahliae was 2.8 U W L of culture broth in a test tube, 5) and that the activity reached 89 U W L after the selection of carbon and nitrogen sources and the elongation of culture time. Furthermore, after the change in the cultivation vessel from a test tube to a ‰ask and after optimization of the initial pH of medium and culture temperature, the activity went up to 200 U W L, which was 71 times that with the screening conditions.
The optimization of reaction conditions contributed to the increased productivity of PN-5?-a-G as shown in Table 5 . As we reported earlier, 5) 42 mM of PN-5?-a-G was synthesized from 100 mM PN・HCl in 70 h under the initial conditions for the comparison of PN-5?-position selective strains, with cells that were grown in the optimal medium in a ‰ask. 5) After the investigation of reaction conditions, temperature, pH, concentration of substrate, and amount of cells, 248 mM of PN-5?-a-G was synthesized from 600 mM PN・HCl in 50 h with cells harvested from a double volume of the culture broth compared with the reaction mixture. That is, the productivity of PN-5?-a-G per hour per unit volume of culture broth by cells of V. dahliae TPU 4900 became 6.9 times that under the initial conditions. CGTase has high activity, and is used to produce useful glucosides industrially, such as 2-O-a-Dglucopyranosyl L-ascorbic acid (AA-2G), 14) rutin aglucoside, 15) and hesperidin a-glucoside. 16) We believe that the reaction of PN-5?-a-G synthesis by intact cells of V. dahliae TPU 4900 has advantages over the reaction by CGTase from B. stearothermophilus, 8, 13) as follows. 1) High yield of PN-5?-a-G from a high concentration of PN: 300 mM PN-5?-a-G from 1000 mM PN by cells of V. dahliae TPU 4900, 92 mM PN-5?-a-G from 750 mM PN by CGTase. 2) Small amount of by-products: relative ratio of PN-5?-a-G, PN-4?-a-G, and other by-products was 100:18:18 at the end of the reaction by V. dahliae TPU 4900, 100:150:110 in the reaction mixture by CGTase before treatment with glucoamylase. Therefore, treatment with glucoamylase was necessary to convert by-products (PN oligomaltoside) to PN-5?-a-G and PN-4?-a-G after the reaction with CGTase. 3) Minimization of glucosyl group donor: 1.7 g of dextrin was needed to synthesize 1.0 g of PN-5?-a-G in the preparative scale reaction by V. dahliae TPU 4900, but 2.8 g of dextrin was needed to synthesize 1.0 g of PN-5?-a-G in the reaction by CGTase. Accordingly, 40z of the dextrin was not needed in the reaction by V. dahliae TPU 4900.
In conclusion, the ability of V. dahliae TPU 4900 went up to the level to produce PN-5?-a-G for practical applications because of the optimization of culture conditions and reaction conditions.
